This review highlights recent studies undertaken to further advance the search for successful approaches to eradicate HIV infection.
INTRODUCTION
The advent of combinatorial antiretroviral therapy (ART) has significantly decreased HIV morbidity and has made it possible for HIV-infected individuals to live otherwise normal lives. However, in many developing countries nearly 50% of adults and children who are eligible for HIV treatment still lack access to ART and care [1] , and HIV continues to kill a significant number of people worldwide [1] . Furthermore, although there has been a decline in the number of individuals that become infected each year, worldwide, there were still 2.5 million new infections in 2011 alone [1] . Thus, given the current number of individuals living with HIV, the number of new annual infections, and potential for long-term ART to induce some toxicities [2] , the recent prominence of efforts to develop therapies that could eradicate HIV infection, a 'cure for AIDS,' has obvious appeal. To date there have been two documented cases of a potential cure achieved in two different individuals, known in the popular press as the Berlin patient and the Mississippi baby (discussed in more detail below). In the former case, the patient suffered from acute myeloid leukemia and underwent radiation therapy, obliterating his immune cells, followed by engraftment with allogeneic hematopoietic stem cells from a donor homozygous for the delta three-null mutation of the chemokine receptor, CCR5. The patient was thereby engrafted with immune cells refractory to new rounds of HIV infection and in addition graft-versus-host disease very likely contributed to depletion of his reservoir [3] .
In the case of the Mississippi baby, full triple combination ART was given to an infant born of an untreated, HIV-infected mother immediately after birth, possibly preventing the establishment of a reservoir [4 && ]. In both instances a cure was achieved in which the virus has been thus far undetectable. However, the unique circumstances surrounding both cases would make it highly implausible to achieve on a universal scale, and research exploring other modalities of depleting the viral reservoir is currently a high priority.
As efforts to eradicate HIV infection are intensified, it will be important to address the contribution of different immune cell types to the quiescent reservoir. It has recently been reported that gamma/delta T cells harbor silent provirus [5] . However, to date, memory resting CD4 þ T cells remained the most well characterized reservoir of quiescent HIV [6] [7] [8] [9] .
As curative therapies are applied in the clinic, it will also be critical to develop or improve upon pre-existing methods to evaluate the effectiveness of these strategies. The current gold standard for estimating the size of the HIV reservoir is the viral outgrowth assay performed on highly purified resting CD4 þ T cells [6, 8] . Although this assay measures replicative competent virus, it is costly, labor intensive and requires a large input of cells. Alternative methods to measure the reservoir involve measuring total or integrated DNA from peripheral blood mononuclear cells (PBMCs) or resting CD4 T cells. Given that a large fraction of infected resting CD4 T cells harbor defective provirus [10, 11] , a disadvantage of PCR-based assays is that they do not distinguish between replication competent and defective virus. In a recent study, Eriksson et al. [12 && ] compared the viral outgrowth assay to various PCR-based methods to measure the latent reservoir. Using digital droplet PCR to measure total HIV DNA in PBMCs and resting CD4 T cells, the authors observed frequencies of infection that were on average two logs greater than what was measured in the outgrowth assay, possibly reflecting measurement of defective virus by PCR assays. Thus, therapies to eradicate HIV infection will likely need to incorporate assays that reflect depletion of replication competent viruses to measure the efficacy of interventions.
HIV latency is multifaceted, and thus it is widely assumed that targeting the HIV reservoir will likely require combinatorial approaches [13, 14] . The purpose of this review is to bring to light the many different approaches that have been undertaken in the past year to purge the latent HIV reservoir.
PHARMACOLOGICAL REACTIVATION OF VIRUS AS A CURE STRATEGY
Integration of the HIV genome into the host cellular genes is a critical part of the virus life cycle. As such, once integrated the HIV genome is subject to the controls of the chromatin environment and a variety of different host transcription factors [13] [14] [15] . Following initiation of transcription from the HIV long terminal repeat (LTR), the RNA polymerase II (pol II) complex is stalled owing to the actions of the negative elongation factor (NELF) and 5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole sensitivity-inducing factor (DSIF) resulting in the production of short abortive transcripts. The viral protein Tat binds to the HIV TAR element and recruits the host positive transcription elongation factor b (PTEF-b) that in turns phosphorylates NELF and DSIF as well as pol II, leading to transcriptional elongation [16, 17] . The bromodomain containing 4 (BRD4) protein is a member of the bromodomain extraterminal (BET) family of transcription regulators that binds acetyl lysine residues on histones and nonhistone proteins [18] [20 && ] demonstrated that the activity of JQ1 rested on its ability to inhibit another BET family member, BRD2, that paradoxically acts as another suppressor of HIV expression in the absence of HIV Tat. Thus, JQ1 and other BET inhibitors might be additional candidates that can be added to the antilatency arsenal ( Fig. 1 ) [24] . JQ1 was originally developed as an anticancer agent. Although this compound has failed to advance into studies involving human controls, second generation JQ1-like compounds are in development
KEY POINTS
Targeting pathways involved in maintaining HIV quiescence with pharmacological compounds such as PKC activators, HDAC and BET protein inhibitors may be important in the 'shock and kill' strategy to deplete the HIV reservoir.
Immune augmentation strategies will be critical for achieving viral clearance in antilatency therapies.
Early ART limits the establishment of an HIV reservoir and is likely to be exploited as a means to achieve either eradication or a functional cure.
and are likely to be used in clinical trials, therefore making it a very real possibility that such compounds could in turn be used to test the ability of BET inhibitors to disrupt HIV latency in a clinical setting.
Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) is a ubiquitous regulatory protein involved in promoting transcription of many genes. NF-kB is maintained in an in active state in the cytoplasm via its association with IkB proteins. Phosphorylation of IkB proteins leads to their degradation and the release of NF-kB which in turn translocates to the nucleus and binds to NF-kB response elements and promotes transcription by recruiting other coactivators. As NF-kB activation has been shown to induce LTR transcription, a recent study by Fernandez et al. [25 & ] sought to delineate the roles of the different IkB isoforms in regulating NF-kB activation and subsequently expression of HIV. The authors found that siRNA knockdown of IkBa and IkBe leads to increased transcription at the LTR. Interestingly, IkBe knockdown produced the most expression of virus. Ironically, IkBe is expressed predominantly in T cells of the thymus, spleen and lymph nodes [26] , sites that represent potential HIV reservoirs. This suggests that selective targeting of IkBe may prove to be an effective mechanism to deplete persistent HIV infection.
One of the many proposed mechanisms to deplete the HIV reservoirs involves pharmacological modulation of signaling pathways involved in HIV replication. Protein kinase C (PKC) is one such pathway. The medicinal potential of the PKC activator prostratin was first recognized in the 1990s when it was discovered that it was the active component of the traditional medicinal plant, Homalanthus nutans [27] . Prostratin has been shown to reactivate HIV from latency via PKC-mediated phosphorylation of IkB leading to the activation of NFkB (Fig. 1) . Activated NF-kB translocates to the nucleus where it binds NF-kB binding sites at the HIV promoter, promoting transcription [28] . Prostratin is also believed to downregulate CD4 and CXCR4, and in some cases CCR5, on the surface of cells [29, 30] , suggesting that this candidate for antilatency therapy may reactivate virus and at the same time prevent de-novo infection of bystander cells. Until 2008, the difficulty of synthesizing prostratin from plant-based sources and the accompanying low yield had mostly limited its usage in preclinical trials. Extending on previous work that successfully increased the yield of plant-based prostratin, the Wender laboratory has recently described a high yield synthesis of prostratin analogues. These analogues were shown to be 100-fold more potent than prostratin in reactivating HIV from cell line models of latency and also from the resting CD4 þ T cells of HIV-infected individuals [31 && ]. Another potent activator of the PKC pathway is the macrolide bryostatin. Like prostratin, bryostatin has been shown to reactivate HIV in cell line models of HIV latency and is considered to be a key candidate to purge the HIV reservoir, especially given its prior usage as an investigational anticancer therapeutic in human clinical trials, thus making it more likely that the compound could easily be tested in humans for its ability to deplete HIV in vivo [32, 33] . However, studies involving bryostatin have been limited thus far because of the cost associated with its synthesis, which is restricted by its structural complexity and low abundance of bryozoan from which it is synthesized [34] . Again, the Wender group recently described the synthesis of bryostatin analogues, the aptly named bryologs, that were shown to effectively reactivate HIV from latency at greater potency than bryostatin [35 & ]. In addition, the bryologs were 1000-fold more potent than prostratin in activating the LTR, suggesting that the bryologs may even be more potent than the recently synthesized prostratin analogues described above. Whether or not the bryologs or the prostratin analogs will prove to be effective at depleting HIV in vivo remains to be determined.
Histone deacetylases (HDACs) maintain HIV in a transcriptionally silent state [36] (Fig. 1) . Indeed, the redundancy with which these enzymes are recruited to the HIV promoter perhaps highlights their importance in maintaining latency [36] . To date, HDAC inhibition by small pharmacological molecules to induce transcription at the HIV LTR is the most well characterized strategy to purge latent HIV. Our group recently demonstrated that a single dose of vorinosat, a class I HDAC, can disrupt latency in humans [37] . Currently, the effect of panobinostat, a class I HDAC inhibitor more potent than vorinostat that is in phase III clinical trials for Hodgkin's lymphoma and cutaneous T-cell lymphoma, is being analyzed for its ability to perturb latency in human controls (clinical trial #NCT01680094).
IMMUNE STRATEGIES FOR ERADICATION
Recent studies by Shan et al. [38] suggest that the reversal of latency by drugs such as HDAC inhibitors may not be sufficient to induce viral cytopathic effects and death of the infected cell. Such cells can be cleared by antigen-specific cytotoxic T cells (CTLs), and so perhaps approaches to disrupt latency using small molecules will also require reinvigoration of an anergic immune system. Furthermore, several studies have shown that the ability of elite suppressors to control their virus infection in the absence of ART is in part due to robust anti-HIV immune responses, thus underscoring the potential of an augmented immune response to clear virus [39, 40] . To that end, several studies that seek to improve the function of the immune system in conjunction with ART are ongoing. In a double blind study involving 17 patients, administration of an HIV DNA vaccine coding for clade B gag, Pol and Nef and Env from clades A, B and C, followed by a replication-deficient adenovirus boost (encoding all the above antigens, except Nef) resulted in a broadening of HIV-specific CTL repertoire with increased polyfunctionality [41 && ]. However, the authors did not observe a change in the frequency of infection of latently infected CD4 þ T cells.
In another recent clinical trial, a therapeutic vaccine designated AGS-004 was demonstrated to significantly augment the HIV-specific immune response and reduce the viral load set point after ART interruption post-vaccine therapy. This vaccine, a dendritic cell-based RNA vaccine with Gag, Nef, Rev and VPR as the patient-specific RNA antigen payload, was evaluated in 19 patients; in 25% of the patients a significant decline in integrated HIV DNA was also observed [42] . However, given a recent publication showing that HIV DNA measurements might be over-estimating the true size of the reservoir as it may be measuring defective virus [12 && ], it remains to be determined whether declines observed above are translated into true decline of nondefective virus using more accurate measurements of replicative competent virus such as viral outgrowth assays [12 && ]. As studies using pharmacological approaches to disrupt latency advance into clinical testing, there is concern that the compounds studied in vivo thus far may not perturb latency sufficiently to allow subsequent clearance of productively infected cells by the immune system [38] ], supporting the hypothesis that enhancing the CTL response in HIV-infected individuals concomitantly with the administration of antilatency pharmacological therapeutics will be critical in depleting the HIV reservoir (Fig. 2 ).
ANTIRETROVIRAL THERAPY AS CURE THERAPY
The Virological and Immunological Studies in Controllers after Treatment Interruption (VISCONTI) group reported that 14 HIV-infected patients who initiated ART during primary HIV infection controlled their virus for a median of 7.5 years after the interruption of prolonged ART [44 && ]. This study has revived interest in ART with the goal of achieving 'posttreatment control,' a kind of functional cure. VISCONTI patients also had a very small reservoir as measured by HIV DNA, suggesting that by limiting the pool of infected cells early ART may decrease the pool of latently infected cells ready to reseed new rounds of infection in the absence of therapy. However, a small reservoir alone does not explain why these patients did not experience viral rebound after the cessation of ART as re-emergence of viremia in patients treated early and who have small reservoirs has been reported [45]. One interesting feature of the VISCONTI post-treatment controllers is that their long-lived central memory T cells appeared to contribute marginally to the HIV reservoir as opposed to most patients where central memory T cells are the major contributors of the HIV reservoir. This suggests that perhaps the nature of the viral reservoir may play an important role in controlling infection in the absence of ART.
A recent report of the possible achievement of a functional cure in a child has further supported the idea that early therapeutic interventions may be promising in certain patients as an approach to eradicate HIV infection, or at the very least a remission of HIV in the absence of therapy. A child who was born to an HIV-positive mother not on ART had detectable HIV DNA and 19 812 copies of HIV RNA/ml at 30 h of age [4 && ]. Three-drug ART was initiated immediately and HIV RNA subsequently declined to less than 48 copies/ml when the child was 29 days old. At 18 months of age, ART was terminated because of noncompliance on the part of the mother of the child. Interestingly, even in the absence of therapy, viral load was undetectable at 23 months of age when the child was returned to care. Although more sensitive assays revealed low levels of RNA (2 copies/ml), virus could not be 
CONCLUSION
HIV latency is established early during infection and is a complex phenomenon. HIV eradication will likely require multiple approaches. HDAC inhibitors have shown promise at disrupting latency in humans. However, they will likely have to be used concomitantly with immunotherapy to obtain viral clearance of infected cells and therefore depletion of the reservoir. It is also plausible that drugs that target other pathways involved in HIV latency such as activation of NF-kB through the PKC pathway or increasing the availability of PTEF-b at the HIV promoter may augment the effect of HDAC inhibitors in vivo, but such compounds are not yet ready to enter clinical trials. Meanwhile, it is apparent that early ART is instrumental in minimizing the pool of latently infected cells and most likely will be exploited further as a means to a functional cure. Finally, whatever combination of antilatency therapy that is undertaken, it must be of such nature that it can become scalable, affordable and accessible to make a significant impact on the HIV pandemic.
